Abstract: Documenting the timing and kinematics of deformation in orogens is critical to unraveling their history. Anisotropy of magnetic susceptibility defines the orientation of magnetic fabrics in the Eocene Cooper Mountain pluton in the North Cascade Mountains of Washington. The magnetic foliation typically has a steep dip and a northwest strike; the magnetic lineation plunges moderately to shallowly northwest or southeast. The remanent magnetization was measured to determine if the Cooper Mountain pluton has been tilted following emplacement. The remanence has two components. The characteristic remanence typically unblocks at 370°C in most specimens, but at 580°C in others. The two components are carried by pyrrhotite and magnetite. Mean directions of these components are indistinguishable from each other and from the North American expected Eocene direction. The paleomagnetic results and -47 Ma 40 Ar total fusion ages from biotite suggest that there has been no remagnetization or significant reorientation of the pluton since emplacement. Therefore, the in situ magnetic fabrics from the pluton can be used to understand the kinematics. Discordance of the fabrics with the pluton margin and near concordance with regional structures suggests that they have a tectonic origin. Thus the Cooper Mountain pluton is syntectonic rather than posttectonic. The magmatic fabric is slightly oblique to the length of the Cascade orogen, which can be explained if it formed as a consequence of regional dextral shear during transpression.
Introduction
The Cordillera in the U.S. Pacific Northwest has a complicated Mesozoic and Cenozoic tectonic history. This includes assembly of allochthonous terranes and their translation, contraction, and extension. Working out the tectonic history requires knowing the timing and kinematics of deformation. One of the candidates for faults that accommodated translation within the Cordillera is the Ross Lake fault zone (RLFZ; Figs. 1a, 1b) . The RLFZ bounds the North Cascades crystalline core on the east; the Straight Creek fault bounds it on the west (SCF; Fig. 1a ). There was dextral strike-slip faulting along the Straight Creek fault (Misch 1966 ) during the early Tertiary and possibly similar displacements on the RLFZ (Misch 1966; Haugerud et al. 1991a ). An alternative interpretation is that the RLFZ is a continuous crustal section between two large-scale folds in the Skagit Gneiss Complex and Jurassic-Cretaceous Methow Basin (Kriens and Wernicke 1990) . In the strike-slip scenario, the RLFZ accommodated dextral movement until about 45 Ma, when it was truncated by undeformed, posttectonic plutons with no observable displacement at their margins (Haugerud et al. 1991b ). The Eocene Cooper Mountain pluton (CMP; Figs. 1b, 1c; Barksdale 1975 ) is one of these posttectonic plutons. The CMP intruded the southernmost extension of the Ross Lake fault zone known as the Foggy Dew fault (FDF; Figs. 1b, 1c) . The fabric of the CMP might indicate whether the CMP is actually posttectonic and, if not, reflect the regional strain that affected it.
Fabric analysis of plutons and recognition of the difference between solid-state and magmatic fabrics (e.g., Paterson et al. 1989 ) have proven useful in understanding regional tectonics and mechanisms of plutonism. Magmatic fabrics in plutons can reflect strain during pluton emplacement and regional tectonism (see reviews by Bouchez 1997 and ). In addition, magmatic fabrics develop during pluton crystallization, so they can constrain the age of deformation if the pluton is dated (Paterson et al. 1989 ).
Common problems encountered in the study of visible fabrics in plutons are that fabrics are variably developed, such that they may be unrecognizable in portions of a pluton where they are only weakly developed, they are difficult to measure on natural surfaces, and their development is difficult to quantify. Measuring magnetic fabrics is advantageous because three-dimensional exposure is not required and even subtle anisotropy produced by weakly developed mineral preferred orientation can be easily detected magnetically. The procedures most commonly used measure the magnetic susceptibility or difference in susceptibility as a function of direction within a rock to determine bulk fabric (anisotropy of magnetic susceptibility (AMS); see e.g., Uyeda et al. 1963; Hrouda 1982) . For all minerals except magnetite, single crystal AMS is related to the mineral's crystallographic axes (Nye 1985) . In many rocks, AMS is controlled by an Fe-rich silicate, such as biotite (Hrouda 1982; Borradaile and Henry 1997) , but if the mafic minerals share the fabric with other silicates, measurements of the AMS of a rock should correspond to the bulk crystallographic preferred orientation and thus coincide with the petrofabric (Borradaile and Henry 1997; McNulty et al. 2000) .
Fabric analysis, primarily by AMS, of the CMP was undertaken with the expectation that results would either bear on the emplacement mechanism of the pluton or lead to a better understanding of the regional tectonic history. Paleomagnetism of the CMP was also studied to evaluate whether the body as a whole has been reoriented since cooling. Some older plutons of the Cascades show significant paleomagnetic discordance with respect to the direction expected for that part of North America, indicating that either tilt or large-scale translation affected the rocks (e.g., the Cretaceous Mt. Stuart batholith; Beck and Nosen 1972) . If paleomagnetism indicates tilting or rotation of a pluton, then the AMS fabrics must be reoriented before being used to document regional strain.
Geologic setting
The CMP, located in Chelan and Okanogan Counties in the North Cascade mountains of Washington (Fig. 1) , is a 48 Ma (K-Ar biotite age; Tabor et al. 1980) granitic to granodioritic pluton with an aerial extent of 300 km 2 (Barksdale 1975 ). The CMP was emplaced during the waning of the Late Cretaceous orogeny in the North Cascades (Haugerud et al. 1994) . The Late Cretaceous orogeny began in the Cretaceous and extended into the Tertiary (Mattinson 1972; Tabor et al. 1980; Haugerud et al. 1994) . The orogeny included a significant component of orogen-parallel dextral transpression (Brown and Talbot 1989) and possibly some southwest-directed thrusting . The crystalline core itself is divided into two distinct blocks by the northwest-striking Entiat fault ( Fig. 1) , with the CMP located in the eastern, Chelan block. By the early Tertiary, the orogeny had ceased in much of the North Cascades crystalline core. This study is focused on the western side of the CMP where it intrudes rocks of the Skagit Gneiss Complex (Haugerud et al. 1991b ) and Twenty-five Mile Creek unit (Figs. 1b, 1c ). There are nearly 2 km of relief in this area along glacially carved Lake Chelan.
Previous structural analysis of the CMP was hampered by weak development of fabric. Wade (1988) looked for emplacement fabrics at the northern margin of the CMP where it truncates the Foggy Dew fault (Fig. 1c) . Although fabric measurements were few because of weak development, Wade concluded that the foliations that parallel the CMPSkagit Gneiss Complex boundary were caused by pluton emplacement. At the Foggy Dew fault contact he observed evidence of stoping, which led him to conclude that stoping was a probable mechanism for emplacement. Wade (1988) also described a small area of northwest-striking, moderately southwest-dipping foliation that does not fit margin-parallel flow. Raviola (1988) mapped the southeastern tip of the CMP (Fig. 1c) but was unable to map fabric because of weak fabric development.
Emplacement of the CMP may have been by melt transported through fractures in the Skagit Gneiss Complex that formed from extension in the complex as it was being tilted to the southeast (Hopson and Mattinson 1999) . Hopson and Mattinson (1999) provide evidence for tilting based on contact relations between the Skagit Gneiss and the CMP, a change in dike textures from deep to shallow crystallzation, and pressure relations all indicating increase in pressure from southeast to northwest in the Skagit Gneiss Complex. One goal of this paper is to investigate whether the apparent tilting of the gneiss has also affected the CMP.
We also found evidence that stoping was the emplacement mechanism of the CMP at the present level of exposure west of Wade's area. The pluton margin is a stockwork of dikes and sills and within the CMP, near the margin, there are blocks of Skagit Gneiss, whose foliation is discordant with that of the Skagit Gneiss country rock. Also, nowhere was there observed systematic deflection of the Skagit Gneiss around the CMP. Haugerud et al. 1994) . (b) Location of the Cooper Mountain pluton (Ecm) in the eastern half of the North Cascades crystalline core, modified from Hopson and Mattinson (1994) . (c) Approximate field areas for this and other studies (shaded regions). Figures 14a and 14b are the shaded area marked "A." LC, Lake Chelan; RL, Ross Lake. , P (degree of anisotropy) = 1.212, T (ellipsoid shape parameter) = 0.344 (oblate susceptibility ellipsoid). Upper image in plane-polarized light, lower image in cross-polarized light.
Methods
Methods for this study addressed the petrologic and petrographic analysis of the pluton, magnetic mineralogy, remanence, and magnetic fabric. Fieldwork was concentrated along Lake Chelan (Fig. 1) , logging roads, and trails where good exposures existed. The area was mapped to determine pluton contacts, petrographic variation, and structural fabric. One-hundred and twenty oriented hand samples, from 115 sites, were collected for AMS, paleomagnetic, and petrographic analyses (Appendix A, Table A1 ). Thirty-five of these were slabbed and stained to discriminate plagioclase from potassium-feldspar, then counted to determine modes. Thirteen oriented thin-sections were made of samples chosen to represent the range of recognized lithologies, AMS, and spatial variation throughout the field area.
In the lab, 109 oriented hand samples were drilled with a nonmagnetic bit to obtain one to five cores (typically 2) per block sample. Two to four specimens were cut from each core with a nonmagnetic diamond saw blade. Magnetic susceptibilities of these specimens were measured on a Kappabridge KLY-3 susceptometer. Site-mean AMS was calculated using the methods of Constable and Tauxe (1990) . Specimens were stored in a magnetically shielded room, where the remanent magnetization of specimens from 57 sites was measured with a 2G-755 DC SQUID cryogenic magnetometer and demagnetized in a custom-built magnetically shielded oven and a D-Tech alternating field demagnetizer. Linear segments of demagnetization paths were visually identified on orthogonal vector endpoint diagrams (Zijderveld 1967) as components of magnetization. Directions of those components and their maximum angular deviation (MAD) were obtained with principal component analysis (Kirschvink 1980) . Calculation of mean directions and statistics followed Fisher (1953) .
After results from other phases of the investigation were complete, two of the freshest samples available were selected from the southwest and southeast limits of the field area to represent both of the recognized main phases of the CMP. The samples were crushed and biotite grains were separated at the geochronology lab at The University of British Columbia, Vancouver, B.C. Biotites from two granite-granodiorite samples from the Cooper Mountain pluton (137a and 235) were separated to perform 40 Ar/ 39 Ar geochronology ( Fig. 12 and Table A2 ). Mineral separates (250-180 µm-size fraction) were produced using magnetic separation, heavy liquids, and hand picking techniques to a purity of > 99%. The samples were then washed in acetone, alcohol, and deionized water in an ultrasonic cleaner to remove dust and then re-sieved by hand using a 180-µm sieve.
Biotite aliquots of -20 mg (step heating) and 3 mg (total fusion) from both samples were packaged in copper capsules and sealed under vacuum in quartz tubes. The samples were irradiated for 20 h (irradiation package KD22) in the central thimble facility at the TRIGA reactor (GSTR) at the U.S. Geological Survey, Denver, Colorado. The monitor mineral used in the package was Fish Canyon Tuff sanidine (FCT-3) with an age of 27.79 Ma (Kunk et al. 1985; Cebula et al. 1986 ) relative to MMhb-1 with an age of 519.4 ± 2.5 Ma (Alexander et al. 1978; Dalrymple et al. 1981) . The type of container and the geometry of samples and standards is similar to that described by Snee et al. (1988) .
Both biotite samples were analyzed at the U.S. Geological Survey (USGS) Thermochronology Laboratory in Denver, Colorado on a VG Isotopes Ltd., Model 1200 B Mass Spectrometer fitted with an electron multiplier using the 40 Ar/ 39 Ar step-heating and total fusion methods of dating. For additional information on the analytical procedure see Kunk et al. (2001) .
The argon isotopic data were reduced using an updated Hrouda (1994) , is the total susceptibility accounted for by paramagnetic minerals.
version of the computer program ArAr* (Haugerud and Kunk 1988) . We used the decay constants recommended by Steiger and Jäger (1977) . Table A2 shows 40 Ar/ 39 Ar step-heating and total fusion data for the biotites and includes the identification of individual steps, existence of plateau, and total gas ages. Total gas ages represent the age calculated from the addition of all of the measured argon peaks for all steps in a single sample. The total gas ages are roughly equivalent to conventional K/Ar ages. No analytical precision is calculated for total gas ages. Plateau ages are identified when three or more contiguous steps in the age spectrum agree in age, within the limits of analytical precision, and contain more than 50% of the 39 Ar released from the sample.
Results

Petrology
Texture in the CMP ranges from fine-grained (0.1-0.3 cm grains) (Fig. 2) to equigranular coarse-grained (0.1-0.6 cm grains) to porphyritic (0.1-0.7 cm groundmass) with phenocrysts of potassium-feldspar up to 2.0 cm in size. Modal compositions of the porphyritic and non-porphyritic phases are similar, . Thermal demagnetization of a three axis isothermal remanent magnetization given specimen 66-c1-b following the method of Lowrie (1990) . Fields used were 1000, 300, and 100 mT. Notice the drop in all magnetizations between 320 and 340°C. See tecxt for discussion.
with their compositions falling near the granite-granodiorite boundary (Streckeisen 1976) . The porphyritic phase contains 29%-47% quartz, 33%-48% plagioclase, 9%-26% potassiumfeldspar, and 2%-13% mafic minerals. The non-porphyritic rocks contain 30%-50% quartz, 30%-47% plagioclase, 13%-25% potassium-feldspar, and 1%-8% mafic minerals. The mafic constituents are biotite ± hornblende. Biotite occurs as thin books about the same size as but thinner than feldspars and irregular, interstitial flakes. Hornblende occurs as grains smaller and less abundant than biotite. Accessory minerals constitute < 1% of the mode of all rocks and include apatite, zircon, and opaques. Only ilmenite and magnetite were identified as opaque minerals using reflected light microscopy. See the following section for estimates of nature and abundance of magnetic phases.
Magnetic mineralogy
A variety of experiments showed that both single-and multidomain magnetite, as well as pyrrhotite, occur in the rocks studied (Fawcett 2001) . Some these are illustrated here to show that biotite dominates the magnetic behavior of some samples despite the general contribution of magnetically ordered phases, and that pyrrhotite, not seen in thin section, is widespread.
Presence of magnetite can be demonstrated by its change in susceptibility at low and high temperatures. The Kappabridge cryostat CL-3 was used to measure magnetic susceptibility during warming from -192 to 10°C. Specimens from 16 sites, thought to span the range of bulk susceptibility observed, were analyzed. Eleven samples (69%) had smooth paramagnetic curves (Fig. 3a) and no evidence of magnetite contribution. Five specimens (31%) had a magnetite signature, consisting of an increase in susceptibility upon warming through the Verwey transistion (Fig. 3b) , and 1 (6%) showed equal paramagnetic and magnetite contribution. The presence of magnetite in some samples was also demonstrated by an abrupt change in susceptibility at 580°C (the Curie temperature of magnetite) and presistance of remance to 580°C (Fig. 4d) .
The presence of pyrrhotite also is demonstrated using the thermomagnetic curves and demagnetization of remanence. The inflections at about 300°C in Figs. 4a and 4c and the observation that most specimens lose 90% of their intensity between thermal demagnetization steps of 300°C and 350°C (Fig. 4b) are consistant with the presence of pyrrhotite, with Curie temperature T c = 320°C. Occurrance of pyrrhotite is perhaps better demonstrated with demagnetization of an artificial remanence. We imparted isothermal remanence using an ASC impulse magnetizer to eight specimens following the method of Lowrie (1990) . Magnetizing fields were 200 mT along the specimens' Z coordinate direction, 80 mT along Y, and 30 mT along X. These magnetizing fields were chosen to match the coercivity ranges of the expected magnetic minerals. Figure 5 shows that remanence along all three axes was unblocked around 340°C, consistent with pyrrhotite being the dominant magnetic mineral. The fact that substantial remanence is retained in directions of all three magnetizing fields indicates that the coercivity spectrum of the pyrrhotite is broad, perhaps due to a wide range in grain size.
How the magnetic fabric should be interpreted depends on which minerals contribute to a specimen's susceptibility and its anisotropy. Using modes from Fawcett (2001) and susceptibilities of mineral species from Borradaile and Henry (1997) , we estimated the contributions of diamagnetic (quartz and feldspars) and paramagnetic (biotite) minerals for each sample and subtracted their sum from the same sample's bulk susceptibility to estimate the contribution from magnetically ordered phases (e.g., magnetite, pyrrhotite). Since pyrrhotite appears to be widespread as a trace mineral, it may account for much of the background ordered phase contribution to the susceptibility. Magnetite is present as both large, multidomain grains that are visible in some samples and as single-domain grains (Fawcett 2001) . One possible location for the latter is in biotite, where their contribution to susceptibility would already have been accounted for (the susceptibility used for biotite probably includes some ferromagnetic contribution; Borradaile and Henry 1997) . The ordered phase contribution implies magnetic phases constitute about 0.005% of the rock by volume if all such phases are pyrrhotite, half that if coarse grained magnetite, or 10 times that if ilmenite. Although ilmenite was visible in some samples, it is paramagnetic at room temperature so does not carry the remanent magnetization found in these rocks. We consider its contribution to the susceptibility to be negligible.
The calculation in the preceding paragraph shows that for most samples, biotite and ordered phases contribute approximately equally to the total susceptibility, which is about 10 times the negative contribution of the diamagnetic phases. We think that this is an overestimate of the contribution from ordered phases based on the low-temperature experiment (Fig. 3 ) and other rock-magnetic evidence, such as high-field susceptibility (Fawcett 2001) . Instead, we conclude that biotite is responsible for the bulk of the susceptibilty in the rocks. Whether biotite or a magnetic mineral such as pyrrhotite and (or) magnetite controlled the susceptibility anisotropy would depend on their relative intrinsic anisotropies and efficiencies of alignment. Both magnetite and pyrrhotite can have very high intrinsic anisotropies, depending upon their domain state and grain shapes. However, similarity of visible fabrics measured in the field and AMS fabrics of samples (Fig. 6) suggests that any contribution from the ordered phases to the total AMS at least does not greatly counteract the paramagnetic contribution.
Remanence
Thermal demagnetization of NRM showed two unblocking temperature ranges. Remanence in most (N = 48) specimens was unblocked by 370°C; magnetization in all but one of the remaining specimens (N = 17) was unblocked by 580°C. Several specimens had two remanence components (Fig. 7) . Since the inflection point between the two components on the vector end-point plots was near the Curie temperature of pyrrhotite in all specimens, the component demagnetized at lower temperatures is referred to as the pyrrhotite component and the higher temperature component is referred to as the magnetite component.
Directions of both pyrrhotite and magnetite components are scattered, with a minority being upward (Figs. 8a, 8b ; Table A3 ). This suggests that some of the remanence dates from a time of reverse polarity of the magnetic field. Some of the scatter might result from magnetizations recording transitional fields, or a mixture of the two polarities. To help reduce the contribution to scatter from demagnetization paths that result from simultaneous demagnetization of opposite polarity magnetizations, only line segments with MAD < 8°w ere used. Furthermore, to reduce bias that might arise from subjectively separating the polarities to calculate their mean directions, the bootdi method of Tauxe (1998) was used. This first employs a principle component analysis (Kirschvink 1980) approach to divide the data set into opposite modes, then it calculates Fisher means and statistics for each mode. Diehl et al. 1983) (Fig. 8c) .
Anisotropy of magnetic susceptibility
Average susceptibilities of 104 sites from which AMS was determined range from 1.72 × 10 -5 to 6.64 × 10 -4 SI, with an average bulk susceptibility for the study of 1.10 × 10 -4 SI (Table A4 ). Only two specimens had anisotropies that were insignificant at the 95% confidence level judging from the F-statistics calculated (Tauxe 1998) . After omitting those two specimens, site mean AMS and confidence limits were calculated using a bootstrap procedure (Constable and Tauxe 1990 ). The maximum, intermediate, and minimum axes of susceptibility (k n ) are denoted throughout the text as k max , k int , and k min , respectively. Magnetic foliations are the planes normal to k min defined by the k max -k int orientations, and magnetic lineations are the orientations of k max . If all three eigenvectors and their eigenvalues are distinct (Figs. 9a,   Fig. 7 . Orthogonal plots of vector end points for three paleomagnetic specimens. Demagnetization paths bend between 300°and 350°, defining two components labeled C1 and C2 on horizontal projection or map view (solid squares). Thermal demagnetization steps are labeled in°C on west-east vertical projections (open diamonds). NRM, natural remanent magnetism. 9b), the AMS ellispoid shape is triaxial, and both magnetic lineation and magnetic foliation orientations can be obtained. If two of the eigenvalues that characterize AMS have overlapping confidence regions, the AMS ellipsoid has uniaxial symmetry. If, for example, maximum and intermediate eigenvalues overlap, (Fig. 9d ) the ellipsoid is uniaxial-oblate. Because lineation directions are non-unique for oblate ellipsoids, only the orientation of magnetic foliation can be determined. Similarly, for sites with overlapping confidence regions of intermediate and minimum eigenvalues that have uniaxial prolate elipsoid shapes, only the orientations of magnetic lineations are used. In all, foliation data from 14 sites and lineation data from 11 sites were omitted because the fabrics had uniaxial (or spherical) symmetry. All other sites had triaxial fabrics so both folilation and lineation could be determined. Figure 10 summarizes the magnetic fabric in the study area by showing lower hemisphere projections for k max and k min . Magnetic lineations trend mostly west-northwest and east-southeast with moderate to shallow plunges; magnetic foliations strike west-northwest with moderately steep southwest dips more common than steep northeast dips. How these fabrics are distributed throughout the area is shown in Fig. 11 . The area is divided somewhat arbitrarilly into six different geographic zones to isolate areas with different fabric orientations. Magnetic foliations are plotted in Fig. 11a with strike and dip symbols on the map and poles to foliation, k min , on a separate equal area projection for each zone. The magnetic lineations are plotted in Fig. 11b . Fabrics are more coherent in some zones than others. For instance, zone F has Also plotted are the present-day field direction (star) and the North American expected Eocene direction (gray diamond, calculated for the location from pole of Diehl et al. (1983) ; α 95 circle of confidence for the expected Eocene direction is as small as the symbol drawn). fairly uniform southwest dips and northwest plunges, and zone B has steep northeast dips and steep southeast plunges. In contrast, although zone D has fairly uniform southeast plunging lineation, foliation attitudes range widely. These variations between and within zones may reflect local influences of surviving emplacement fabrics or differences in alignment and contributions of the paramagnetic and magnetic phases. Most departures from the common northwest-striking fabric occur in zone A near the northwest pluton margin.
Geochronology
Biotite sample 137a does not form a plateau even though we have obtained a good-flat behavior in the age spectrum (Fig. 12a) 39 Ar K ), which agrees with the obtained total gas age at -47.18 Ma. A second aliquot of biotite for this sample was analyzed by the total fusion technique and yielded a more precise age at 47.65 ± 0.10 Ma. Both ages, the isochron and the total fusion, are the same within limits of analytical error. However, we use the more precise total fusion age as the best estimation at which this plutonic sample cooled below the closure temperature of biotite (300-350°C).
Biotite sample 235 presents a very similar behavior (Fig. 12b ) but, in this case, the isochron age is slightly younger at 46.71 ± 0.30 Ma ( 40 Ar/ 36 Ar initial = 320.9 ± 45.38; MSWD = 0.372; 85.1% of released 39 Ar K ), which agrees well with the total gas age of -46.77 Ma. A second aliquot of biotite yielded a 46.76 ± 0.04 Ma total fusion age. These three ages agree within limits of analytical error, but again we use the more precise total fusion age as the best approximation of the time at which the pluton cooled below the closure temperature of biotite.
It is important to note that the biotite total fusion ages presented here for the Cooper Mountain pluton samples are not the same within limits of analytical error. This may be indicating a slightly different cooling history for both samples since the emplacement of the pluton. This is a viable possibility because the samples were collected more than 6 km apart in domains F and D (Fig. 11a) .
Discussion
The 40 Ar- 39 Ar ages of biotite establish that the dated rocks cooled through the nominal Ar closure temperature of biotite (300-350°C) by -47 Ma. The blocking temperature for remanence carried by magnetite is slightly higher (ca. 500-580°C); that for pyrrhotite slightly lower (ca. 290-320°C). This suggests that the magnetization was acquired as the pluton cooled through the argon biotite closure temperature at ca. 47 Ma. This age corresponds to chron 37n, so the normal polarity bias of the CMP remanence can be explained by rapid cooling of most of the body in a normal polarity magnetic field during the Eocene. The coincidence of remanence of the CMP with that expected for its location in North America during the Eocene means that tilting of the Skagit Gneiss Complex (Hopson and Mattinson 1999 ) was insignificant after 47 Ma. The only motion that the paleomagnetism cannot rule out is rotation of the pluton about an axis that is parallel to the magnetization direction itself. The fabrics discussed henceforth are interpreted as in situ Eoceneaged fabrics, because the similarity of the paleomagnetic direction from the CMP and the expected Eocene magnetic field does not support any significant post-emplacement Fig. 11 . Map and equal-area plots of magnetic fabric in the CMP. The field area is broken into six zones; equal-area plots are for zones. (a) Map shows magnetic foliation plotted as strike and dip symbols; equal area plots show k min directions (poles to magnetic foliation). (b) k max directions (magnetic lineation) plotted. Dots within field area are sites in which foliation or lineation could not be determined. Ar1 and Ar2 locate sites from which 40 Ar- 39 Ar specimen were collected (GC1, sample 137a; GC2, sample 235). Solid symbols show visible fabric measured in the country rock near the contact.
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Can. J. Earth Sci. Vol. 40, 2003 Fig. 11 (concluded) . reorientation of the pluton. Although it would be interesting to compare these magnetic fabrics with others from the North Cascades, the only other AMS study deals with Cretaceous rocks (Mt. Stuart batholith; Benn et al. 2001 ), and we are here focusing on interpretations of Eocene tectonics.
The general orientation of the fabric is the first-order feature to interpret. Deviations from the generally steep, southwestdipping foliation and horizontal, NW-SE-trending lineation arise from several causes, some of which were mentioned in the text sections "Results" and "Anisotropy of magnetic susceptibility"). The average fabric in the pluton is interpreted to result from regional deformation because its overall NW-SE orientation parallels fabric in the country rock and is discordant with the country rock contact. This is perhaps seen best in the lower right of Figs. 11a and 11b , where the fabrics in the CMP and Twenty-five Mile Creek unit appear parallel, and both are oblique to the contact. Lacking evidence for solid-state deformation in the rocks (see Fig. 2 ) and the similarity of magnetic and petrofabrics (Fig. 6) , the magnetic fabrics shown in Figs. 10 and 11 are interpreted to show tectonic alignment of biotite when the pluton was crystallizing. Therefore, this syntectonic fabric can be used to deduce Eocene-age regional strain.
We will consider two mechanisms for generating the fabric. One model to explain fabric orientation in the CMP involves shear, perhaps associated with displacements on the NW-SE faults in the region (i.e., the Ross Lake fault zone, RLFZ) or dextral transpression (Brown and Talbot 1989) . The RLFZ is an early Tertiary fault, thought to be active until -45 Ma, exhibiting dextral strike-slip motion (Misch 1966; Haugerud et al. 1991b ). The younger age limit of fault movement was based on an interpretation that the Golden Horn batholith and the CMP were undeformed, posttectonic plutons that cut the fault trace and fabrics related to it (Haugerud et al. 1991b ). However, it has been established here that the CMP is not posttectonic. Simple shear and low-strain transpression can result in horizontal lineations that are oblique to the regional faults and trend of the orogen (Tikoff and Greene 1997) , much like the magnetic lineations observed in the CMP. Figure 13a is a model of such a system with the lineation direction horizontal and oblique to the trend of the orogen. Figure 13b shows the obliquity of the lineations.
The second model is orogen-parallel extension (Fig. 13c) . Some workers studying rocks in the North Cascades crystalline core have concluded that there was significant orogen-parallel (NW-SE) stretching during the Eocene (Ewing 1980; Miller et al. 2000) . The orogen-parallel extension models assume that shortening was more or less orthogonal to the NW-SE trend of the orogen, producing a subhorizontal stretching of the orogen via pure shear. If this strain regime were active during emplacement and cooling of the CMP, the lineation recorded by AMS should also parallel the extension direction. The obliquity (-30°) between the lineation direction in the CMP and both the major trend of the Cascade orogeny and strikes of nearby faults, such as the RLFZ, makes us favor dextral shear strain as the origin of the CMP fabrics.
The dextral shear strain can be further related to the convergence geometry between adjacent tectonic plates (e.g., Tikoff and Tessier 1994; Benn et al. 2001) . Using the Diehl et al. (1983) reference pole, the margin of North America in this region was oriented essentially north-south. Based on analysis of regional patterns of magmatism, geochemical variations of the magmas, and incorporation of existing plate motion models and other geological data, Breitsprecher et al. (2003) concluded that the Kula-Farallon ridge was being subducted beneath North America near the latitude of the CMP at 50 Ma. Thus the Eocene strain field in this region could be due to either north-oblique convergence of the Kula plate relative to North America or to essentially orthogonal convergence of the Farallon plate relative to North America. Both of these convergence vectors are shown in Fig. 13 . For example, for Kula -North America convergence, a regional Fawcett et al. 1347 Fig. 12. Ar-Ar apparent cooling ages for fractions of 39 Ar released during step heating of dated samples. Magnetite, with a slightly higher blocking temperature than argon in biotite, likely has a slightly older remanence but pyrrhotite, with a lower blocking temperature, must have been magnetized slightly later.
shortening direction that is oblique to the regional orogenic trend (Figure 13a ) would be expected. For Farallon -North America convergence, a regional shortening direction that is essentially orthogonal to the regional orogenic trend is expected (Fig. 13b) . If the lineation recorded by AMS from the CMP is orthogonal to the direction of regional shortening in the Cascades, it appears to support an oblique-convergence model as in Fig. 13a . Therefore, the Eocene strain field at the CMP ca. 47 Ma may be better attributed to convergence of the Kula plate than the Farallon plate relative to North America.
Conclusions
Using AMS we were able to map the subtle fabric present in the CMP. AMS reveals predominant NW-SE strike of foliations with shallow lineations. Coincidence of observed and expected paleomagnetic directions suggests that there was no reorientation of the CMP since the pluton cooled below 550°C and, therefore, no need to correct the fabrics for reorientation. These in situ fabrics are consistent with a model of Eocene dextral shearing resulting from regional 40 Ar/ 36 Ar = 295.5 ± 0. All precision estimates are at the one sigma level of precision. Ages of individual steps do not include error in the irradiation parameter J. No error is calculated for the total gas age. TF denotes total fusion experiment. Table A2 . 40 Ar/ 39 Ar step-heating data. Note: D and I are declination and inclination, respectively, of free lines fit using principal component analysis (PCA) (Kirschvink 1980) to Npoints along demagnetization path over temperature range Begin T to End T. MAD is maximum angular deviation of line (°) (Kirschvink 1980) . Directions are in situ. 
